Influenza virus nucleoprotein (NP) was purified from the virus and found to be virtually free from RNA. The morphology of the negatively stained NP was studied using electron microscopy. The monomer protein was found to be a small rod with dimensions of 62 by 35/~,. However, most of the protein was found to exist in polymeric forms ranging from trimers to large structures that were morphologically indistinguishable from the intact viral RNP. Each monomer has two sites for NP-NP contacts at one extremity of the rod. The consequences of this finding for crystallization studies, for in vitro studies on NP-RNA interactions and the possible consequences for in vivo ribonucleoprotein particle assembly are discussed.
Influenza virus is an enveloped virus containing a segmented RNA genome of negative polarity. Each of the eight RNA segments is separately encapsidated by the viral nucleoprotein (NP; 56 kDa) to form ribonucleoprotein particles (RNPs) and each segment is associated with the viral polymerase complex. The viral RNA is bound to NP via its phosphate-sugar backbone and has its bases exposed on the outside of the RNP (Baudin et al., 1994) . In this manner, the viral RNP is ready for transcription as soon as it enters the host cell. As the genome is of negative polarity, transcription is the first step in the replication process.
The structure of the RNPs has been studied in detail using electron microscopy. RNP is a helical co-polymer folded back upon itself thus making a double helix, often with loops at the extreme ends (Pons et al., 1969; Compans et al., 1972; Schulze, 1973; Heggeness et al., 1982; Jennings et al., 1983) . The length of the RNP depends on the length of the specific viral RNA segment (Compans et al., 1972) . Each NP monomer is associated with about 20 nt (Duesberg, 1969; Compans et al., 1972; Jennings et al., 1983) in a sequence non-specific manner (Baudin et al., 1994) . In the RNP, the RNA is susceptible to RNase activity (Duesberg, 1969; Baudin et al., 1994) while the protein is relatively protected from protease digestion, suggesting that the RNA is located on the outside of the structure. The RNA can be replaced by negatively charged polymers, such as polyvinyl sulphate, *Author for correspondence. Fax +33 76 20 71 99. e-mail ruigrok@ embl.embl-grenoble, fr while maintaining its form (Pons et al., 1969) , suggesting that NP determines the structure of RNP.
Influenza virus A/PR/8/34 was grown in embryonated hen's eggs and obtained in purified form from Pasteur-Mrrieux, Marcy L'Etoile, France. RNP and purified NP were isolated according to Honda et al. (1987) , as extensively described in Baudin et al. (1994) . The purified NP was essentially free of viral RNA as assessed by the following controls. In the final CsC1-glycerol step-gradient of the NP purification procedure (Honda et al., 1987; Baudin et al., 1994) , the protein was found in fractions 1-4 and the viral RNA in fractions 8-10, as judged by PAGE and UV spectroscopy, suggesting a good separation of RNA and protein. The UV absorption spectrum of the purified NP is a typical spectrum of a protein, with a maximum value occurring at 280nm. The A~0:A2s 0 ratio of intact RNP was measured to be 1"55 (pure RNA shows a ratio of 1-80) and that of the pure NP was 0"59, suggesting that it contains little or no RNA.
In order to measure the residual RNA content of the NP preparation more directly, 180 ~tg NP was submitted to a phenol extraction, and then ethanol-precipitated. The putative RNA was end-labelled at the T-end with [32p]pCp and T4 RNA ligase as described in Baudin et al. (1994) . The RNA was then analysed on a 6% polyacrylamide gel, dried and exposed overnight on X-ray film. The film showed one major RNA band, about 100 nt long (Fig. 1, lane 2) . The density of the 100 nt band was judged to be the same as the overall intensity of a T-end labelling of a known concentration of NS RNA (Fig. 1 , lane 1) obtained through in vitro transcription (Baudin et al., 1994) . This suggested that the 3 pmol of NP contained about 7 pmol of RNA, i.e. 700 pmol nucleotides. If we assume that, in intact RNP, each NP molecule is bound to 20 nt (Duesberg, 1969; Pons et al., 1969; Jennings et al., 1983) then 3 pmol NP would be bound to 60 pmol nucleotides, so that intact RNP contains about 105 times more nucleotides than the purified NP. Fig. 2 shows electron micrographs of negatively stained purified influenza A/PR/8/34 RNP (a) and of purified NP (b, c). Samples were studied after storing at 4 °C which leads to massive aggregation of both RNP and NP preparations. Therefore, all samples were first incubated for 10min at 37°C for disaggregation, vortexed, diluted as indicated, and then again incubated for 10min at the indicated temperature. The RNP particles show the characteristic morphology of a helical string coiled back on itself often with loops at the extreme ends. The morphology shown here is slightly different from that observed when uranyl acetate is used as the negative stain, where consecutive strands form major and minor grooves (Compans et al., 1972; Jennings et al., 1983) and where the RNP rods seem less flexible. The staining with sodium silicotungstate (SST) used here, reveals the same RNP morphology as when phosphotungstic acid (PTA) is used. Schulze (1973) has already remarked and commented on the different morphologies found when different stains are used. For this study we choose SST because of the better results obtained when used on the smaller NP self-polymers and monomers.
The same NP preparation was used for Fig. 2 (b, c) but different dilution buffers and incubation temperatures were used (see Fig. 2 legend) resulting in different degrees of self-polymerization. Whereas the NP molecules in Fig.  2 (b) are associated into trimers, tetramers and small rings, the self-polymerization in Fig. 2 (c) is much more extensive and, apart from the small polymers that are also observed in Fig. 2(b) , the picture shows RNP-like polymers that are morphologically very similar to intact RNP particles. Although not studied extensively, the results suggest that the polymerization state depends on the protein concentration and on the temperature of incubation before preparation for electron microscopy; the lower the temperature, the more extensive the polymerization. The NaC1 concentration, between 10 mM and 1 M, did not seem to have an important effect on this and the addition of 1% octyl glucoside did not influence polymerization (data not shown).
Examples of NP self-polymer structures that can be observed in Fig. 2 (b, c) are shown at higher magnification in the galleries of Fig. 3 . Only small amounts of monomers were observed. The shape of the monomer as seen with negative staining and electron microscopy was variable, due to the various ways of adsorption of the asymmetric molecule onto the support film. The gallery shows only little rods with a length of 62 _ 3 A (n = 35) (1 .~ = 0.1 nm) and a width of 35___3 A (n = 34) but we also observed wedge-shaped molecules with the same length as the rods (not shown). Some of the rods show a dumb-bell shape, which can be seen more clearly in the curly strings mentioned below (arrowheads). This morphology is somewhat reminiscent of that of the nucleocapsid protein of vesicular stomatitis virus (Nakai & Howatson, 1968) . The rod-like structures indeed seem to be the monomers (and not dimers), since the volume of o o a cylinder with length 62 A and diameter 35 A is 6x 104 A 3, and a protein with a mass of 56 kDa is expected to have a volume of 7 x 104 ~3 (assuming a partial specific volume of 0.76 ml/g). Fig. 3 also shows trimers, tetramers, pentamers, hexamers and rings containing between 7 to 11 NP monomers. The diameter of these rings, ranging from Fig. 2 . Electron micrographs of negatively stained intact RNP (a) and purified NP (b, c). The RNP suspension (in 100 mM-NaCI, 20 mM-Tris-HC1, pH 7.5) was diluted with PBS (150mM-NaC1, 10 mM-phosphate buffer pH 7-2) and incubated at 20 °C before preparation for electron microscopy. The NP preparation (in the same buffer as for the RNP above) used for (b) and (c) was the same, but diluted twofold in water and incubated at 37 °C for (b) and undiluted and incubated at 20 °C for (c). Negative staining was done with 1% sodium silicotungstate and low-dose images were taken with a JEOL 1200 EXII electron microscope. The magnification was calibrated with negatively stained catalase crystals (Wrigley, 1968) . All images have the same magnification. The bar marker represents looo ~. Table 1 and compare with Fig. 2a) .
Remember, however, that the RNP-like structures do not contain R N A to function as a covalent backbone. As mentioned above, purified NP contains 10 ~ times less R N A than RNP and the major fragment that could be isolated after phenol extraction was only about 100 nt long. An RNP containing a 100 nt R N A would form a circle with five NP molecules. Finally, the polymerization state of NP depends on the incubation conditions, the polymerization being much more extensive at 4 °C than at 37 °C. Fig. 4 shows a set of histograms of the lengths of RNP-like structures of a NP preparation incubated at 0 °C (a) and of the same preparation (same concen- (18) 52+4 (33) 55_+ 7 (22) Distance between 65 + 8 (40) 68 + 8 (35) tunas lengthwise:~ * Measurements were made from positive prints (150000 x ) using a graticule eye-piece giving additional magnification 8 ×, and are given as the mean ±SD, with the number of measurements in brackets. Where more than one measurement is shown, the values represent independent measurements on different samples.
t Centre-to-centre spacing of NP monomers in loops at the ends of the RNPs and RNP-like structures or in ring-like aggregates, measured from negatives using the contour-length measurement device described in the legend for Fig. 4 .
:~ In those cases where consecutive turns of the helical RNP structure were clearly seen, they were measured along the length of the RNP from positive prints.
tration, same day and same buffer conditions), incubated at 37 °C (b), and of the length of the intact RNPs from the preparation used to purify the NP (c). It is clear from Fig. 4(a, b) that the length of the RNP-like structures is not determined by a covalent factor such as associated RNA, and that the lengths at 37 °C are considerably smaller than those in the RNP preparation used for isolating NP from. The polymerization behaviour of NP resembles that of the Escherichia coli RecA protein when it is in the absence of DNA (Ruigrok & DiCapua, 1991) .
From the finding of circular polymers and linear arrays of monomers in curly strings it is clear that each monomer must have two contact sites (each monomer interacts with two other NP monomers). From the morphologies of the trimers and tetramers it may be deduced that both contact sites are at one extreme end of the rod. We did not observe dimers of NP in our preparation. This could be due to positioning of the NP-NP contact sites on the monomer. Probably the dimer has a high affinity for a further monomer in order to complete a trimer. Modification of only one of the sites by mutagenesis may prevent self-polymerization but at this moment it is not known where the sites are located in the primary sequence. Prevention of self-polymerization will probably be a prerequisite for crystallization of this protein, since flexible and variable polymers are not likely to crystallize into a regular lattice. In the RNP-like structures there possibly exist other specific monomer-monomer interactions, between the consecutive strands of the double helix.
Apart from consequences for crystallization of NP, our results also reflect on the interpretation of other experiments. We have determined the binding constant of NP to RNA by filter binding assays (Baudin et al., This RNP population was depleted of segment 8 RNP (46 + 6 nm long) and averages of the two populations of lengths are 72 +8 nm and t05 -t-10 nm. The averages for the three size categories recognized in the RNP preparations are very similar to those observed by Compans et aL (1972) who used positive staining with uranyl acetate. Contour-length measurements, in order to determine the length of (curved) RNP-like structures, were made from negatives using a home-made device for contour-length measurements that magnified the negative 20-fold and which was calibrated using the 87.5 nm spacing of negatively stained catalase crystals (Wrigley, 1968) . The width of the classes is 5 nm.
